Purpose: We evaluated the performance of organ contour propagation from a planning computed tomography to cone-beam computed tomography with deformable image registration by comparing contours to manual contouring. Materials and Methods: Sixteen patients were retrospectively identified based on showing considerable physical change throughout the course of treatment. Multiple organs in the 3 regions (head and neck, prostate, and pancreas) were evaluated. A cone-beam computed tomography from the end of treatment was registered to the planning computed tomography using rigid registration, followed by deformable image registration. The contours were copied on cone-beam computed tomography image sets using rigid registration and modified by 2 radiation oncologists. Contours were compared using Dice similarity coefficient, mean surface distance, and Hausdorff distance. Results: The mean physician-to-physician Dice similarity coefficient for all organs was 0.90. When compared to each physician's contours, the overall mean for rigid was 0.76 (P < .001), and it was improved to 0.79 (P < .001) for deformable image registration. Comparing deformable image registration to physicians resulted in a mean Dice similarity coefficient of 0.77, 0.74, and 0.84 for head and neck, prostate, and pancreas groups, respectively; whereas, the physician-to-physician mean agreement for these sites was 0.87, 0.90, and 0.93 (P < .001, for all sites). The mean surface distance for physician-tophysician contours was 1.01 mm, compared to 2.58 mm for rigid-to-physician contours and 2.24 mm for deformable image registration-to-physician contours. The mean physician-to-physician Hausdorff distance was 11.32 mm, and when compared to any physician's contours, the mean for rigid and deformable image registration was 12.1 mm and 12.0 mm (P < .001), respectively. Conclusion: The physicians had a high level of agreement via the 3 metrics; however, deformable image registration fell short of this level of agreement. The automatic workflows using deformable image registration to deform contours to cone-beam computed tomography to evaluate the changes during treatment should be used with caution.
Introduction
Changes in patient anatomy can alter the complex radiotherapy treatment plans that are based on the planning computed tomography (pCT) scan performed before the start of treatment. These changes may lead to altered dose-volume parameters that prevent delivering the intended doses to targets and increase the toxic dose delivered to the organs at risk (OARs). [1] [2] [3] [4] Radiotherapy plans can be adapted to the altered anatomy in order to safely deliver the prescription dose to the tumor, while ensuring OAR sparing. This adaptive radiotherapy (ART) requires continual monitoring of the target and OAR regions for evaluation and replanning. However, manual recontouring is highly time consuming, with some estimates close to 3 hours to recontour a single head and neck (H&N) case. 5 The use of online cone-beam computed tomography (CBCT) on a daily basis during treatment has shown great success at revealing changes in patient anatomy relative to the pCT. 6, 7 To enhance the efficiency of treatment delivery, computed propagation of the target and OAR contours between 2 image sets can be performed using image registration. 8 Overall, the addition of CBCT to ART has contributed to a reduction in the volume of healthy tissue irradiated and a reduction in the dose delivered to OAR, because it may alert physicians to consider adapting the plan to the altered anatomy. 9, 10 Two forms of image registration exist-rigid registration and deformable image registration (DIR). Rigid registration is limited to 6 degrees of freedom via translations and rotations, so these may not produce acceptable results if there are nonrigid tissue deformations between 2 image sets. On the other hand, DIR can allow for elastic and nonrigid deformations. These deformations are capable of locally warping the target image to align with the reference image. Because of this, DIR performs more accurate image modifications than rigid registration methods and is becoming a growing tool in ART. [11] [12] [13] Studies continue to show increasing accuracy of the multitude of available DIR algorithms and promise for increased use with automatic target delineation on CBCT images. 3, 14 With the expansion of available software using DIR algorithms, so too has there been an increase in the study of qualitative evaluation of these algorithms in the clinical setting. Firstly, DIR has shown a great deal of variation of uncertainties due to the choice of algorithm used, as well as varying degrees of challenges to image quality. 15, 16 Also, DIR still falls considerably short of manual recontouring in terms of agreement. 13 In a recent study by Perna et al, the use of DIR in the context of pelvic radiotherapy showed a low level of conformality compared to that of manually drawn contours, but a much higher level of agreeability when the DIR contours were manually adjusted. These manual adjustments resulted in a 50% reduction in the time spent on contouring images. 17 In the context of H&N cases, a study by Kumarasiri et al emphasized the characteristics of the OARs (volume and boundary definition) when it came to the level of conformality of DIR contours, with the highest conformality seen in larger organs with clear boundaries. 18 The goal of this study is to assess DIR performance against manually drawn contours of radiation oncologists (ROs), in order to further speculate on DIR's expanding clinical applicability. Since physicians use multiple image modalities to contour target volumes, and these additional scans were not repeated for this study, we limited our analysis to OAR contours, due to their greater definition than target volumes.
Unique to this study is the fact that 3 organ regions are included (H&N, prostate, and pancreas) in order to assess regionspecific applicability, as well as to highlight and compare unique challenges encountered between regions. Also, inclusion of 3 metrics to assess the performance of image registrations can help address possible drawbacks to individual metric choice.
Materials and Methods
Patients were selected retrospectively with the approval of the Loyola University Medical Center's institutional review board. A total of 16 were selected (6 H&N, 5 prostate, and 5 pancreas) based upon showing physical change throughout the course of treatment. The treatment pCT was compared to a treatment CBCT that was taken near the end of treatment; mean amount of time elapsed between images was 35 days (8-66 days). For each set of patients, 4 or 5 organs of interest were selected to be registered. Organ at risk contours on the pCT were initially contoured by the department's dosimetrists at the time of treatment planning and then refined by a treating RO. Rigid registrations of these contours were applied to the follow-up CBCT and provided to the ROs for manual contouring, regardless of who the primary RO responsible for the original contours. The organ sets chosen for each region are listed Table 1 .
Image registrations were performed using Velocity Advanced Imaging 2.8.1 (Varian Medical Systems, Palo Alto, California). Initially, a rigid registration was performed based on the region of interest's bony anatomy (eg, cervical spine in patients with H&N, pelvis and femoral heads in patients with prostate cancer, and thoracolumbar spine in patients with pancreatic cancer). Using the rigid registration as a reference, subsequent DIRs were performed with the software's modified B-spline deformable with mutual information-based matching algorithm. An initial "extended deformable multipass" (6-pass deformable registration with progressively finer resolution) deformation was performed using the entire CBCT image as the region of interest. All DIR image sets were closely visually inspected by 2 of the authors to look for any readily apparent aberrancies. Then, if needed, an additional single-pass deformable registration set to "fine" resolution was performed, using a narrower region of interest that included the organs of interest.
To assess the accuracy of the registered organ contours, 2 ROs manually adjusted the organs of interest from contours that were rigidly registered to the CBCT image sets. Organ contours were compared using 3 metrics-Dice similarity coefficient (DSC), mean surface distance (MSD), and Hausdorff distance (HD). The DSC measures the overlap and volume shared by 2 structures. A result of 0 means no overlap, and a result of 1 means perfect overlap. 19 In order to compute MSD, the smallest distance from 1 point on a contour X to all points of contour Y is calculated, and MSD becomes the average of the smallest distances for all points on contour X. The HD is a measure of the maximum distance between 2 objects. 20 Student t test with an a level of .05 was used to calculate statistical significance.
Results

Physician-to-Physician Comparison
For all organs across the 3 regions, the mean DSC, MSD, and HD were 0.90 (+0.09), 1.01 mm (+0.82), and 11.32 mm (+13.0), respectively (Table 2) , when looking at physician (RO1) to physician (RO2) comparisons.
The region showing the highest DSC between physicians was the pancreas, with a mean DSC of 0.93 (Table 3) . On the other hand, the region showing the lowest DSC was the H&N with a mean DSC of 0.87 (the prostate region showed a mean DSC of 0.90). This trend was reversed for both the MSD and HD metrics, with the H&N region having superior numbers versus the pancreas region showing the worst agreement. As far as particular organ contours, the mandible and liver both showed the highest DSC, with a mean of 0.95; the seminal vesicles showed the lowest DSC agreement with a mean of 0.84.
Although the H&N region had the lowest overall mean MSD, it also included the organ with the greatest MSD, the right parotid, 1.82 (+1.09 mm). However, the mandible showed the lowest MSD, 0.30 (+0.17 mm), of all organ contours. Overall MSD values are shown in Table 3 . As for organ specifics of the HD metric, the spinal cord (as part of the H&N region) had the lowest mean HD (smaller HD is ideal) of 3.31 mm and the liver had the greatest mean HD of 26.17 mm. 
Head and Neck
There were 6 patient image sets included for the H&N region. For the contours of this region, the use of DIR produced a mean improvement from rigid registration by 0.04 mm (+0.08 mm) and 0.20 mm (+0.52 mm) for the DSC and MSD metrics, respectively. A representative H&N case demonstrating the rigid and deformable image-registered contours as well as the ones modified by 2 ROs is shown in Figure 1 . The use of DIR lead to a mean increase of 0.21 mm (+2.21 mm) for the HD metric. Of the 3 organ regions, the H&N contour comparisons of DIR to the RO1 or RO2 conformality was closest to the RO1 to RO2 conformality when measured by the MSD and HD metrics (within 0.63 mm and 1.26 mm, respectively). In terms of the DSC measurements, as previously mentioned, the H&N region posted the lowest DSC conformality of RO1 to RO2 contours. The H&N region's mean DSC values for DIR to RO1 or RO2 were 0.77 (+0.11) and 0.76 (+0.14), respectively. These values were improvements from rigid registration by 0.04 and 0.03 but less than RO1 to RO2 agreeability by 0.10 and 0. 
Prostate
The prostate region included contours from 5 patients. Overall, this region showed the worst levels of agreement of DIR to physician-drawn contours. A representative prostate case is shown in Figure 3 , where the bladder filling on the treatment day being different than the day of pCT is seen, by comparing the rigid registered (blue) bladder contour. Notably, the seminal vesicles proved to be a challenge for the registration software, posting the worst values of all 3 metrics across contours from all regions when comparing registered images to physician-contoured images. The physician-to-physician agreement for the seminal vesicles showed the second lowest mean DSC, 0.84 (+0.07) of all organ contours (second only to another soft tissue organ, the right parotid). On the other hand, the bladder contours showed one of the highest improvements in mean DSC values when comparing DIR to rigid registration (þ0.12 improvement).
When looking at mean MSD values for the region, DIR showed improvement compared to rigid registration for all organ contours except for the prostate. The mean improvement from DIR shown with the MSD metric was 0.56 and 0.73 mm for each physician's contours. However, the DIR to RO1 or RO2 MSD values were still 1.89 and 1.75 mm greater than the RO1 to RO2 MSD value, 0.99 mm (+0.44 mm).
Analysis of the prostate region using the HD metric continued to show modest improvement with the use of DIR over rigid registrations. These improvements were 0.24 and 0.38 mm for RO1 and RO2, respectively. However, the DIR-tophysician comparisons showed HD values that were 6.45 and 4.31 mm greater than the RO1 to RO2 comparison. For further detail in regard to the 3 metrics for the region, refer to Figure 4 .
Pancreas
The pancreas region included analysis of 5 patients. This region showed the highest DSC values for all comparisons within the region, and the DIR to RO1 or RO2, 0.84 (+0.06) and 0.84 (+0.05), was the closest to the RO1 to RO2 DSC, 0.93 (+0.07; representative contours are shown in Figure 5 ). However, the use of DIR only produced a DSC improvement of 0.01 when compared to rigid registration. Of all the DSC values, organ contours from this region (left kidney, right kidney, and the liver) all had greater agreeability of DIR to RO1 or RO2 using the DSC metric than any of the other organs across the 3 regions. The use of the MSD metric displayed 0.18 and 0.29 mm improvements of DIR to RO1 or RO2 compared to rigid registrations. The DIR to RO1 or RO2 MSD values were 1.44 and 1.67 mm greater than the RO1 to RO2 MSD, respectively, with means of 2.65 mm (+1.09 mm) and 2.88 mm (+1.35 mm).
As for the HD metric, this region showed the highest mean HD values compared to the other 2 regions. This region showed a better mean DIR to RO1 or RO2 (of all 3 metrics) than the RO1 to RO2. Specifically, the mean HD value was 15.73 mm (+7.60 mm) for DIR to RO1, compared to 18.92 mm (+20.47 mm) for RO1 to RO2; however, the mean rigid to RO1 was 13.72 mm (+5.66 mm). For further detail in regard to the 3 metrics for the region, refer to Figure 6 .
Dice Similarity Coefficient Versus MSD Versus HD
When looking at all included contours, the rate at which DIR improved conformality to the physician contours from rigid registrations ranged from 50% to 65.6% across the 3 metrics. There was no specific trend shared between all 3 metrics in regard to which organs displayed more accurate contour registrations. Both DSC and MSD values shared the feature that the worst registrations were seen with seminal vesicles contours, while some of the most accurate registrations were seen with mandible contours. As for the HD metric, the best values were seen with the spinal cord contours (in the H&N region) and the worst values were seen with the liver contours.
By way of the DSC, DIR improved the conformality from rigid registrations by a mean of 0.03 (P < .05) but still fell short of RO1 to RO2 conformality by 0.12 (P < .005). Based on MSD, the use of DIR showed a mean improvement of 0.33 mm (P < .05) but continued to fall short of RO1 to RO2 conformality by 1.23 mm (P < .005). With HD, the use of DIR lead to an increase by 0.25 mm, and it was greater than RO1 to RO2 by 1.99 mm.
Discussion
The use of DIR improved the accuracy of organ contours from rigid registrations alone a majority of the time when compared to manually drawn contours. Depending on the metric chosen, comparing the 3 regions' performances varied. The contours from patients with pancreatic cancer had the greatest agreement of DIR contours when using DSC. On the other hand, the use of MSD and HD showed the H&N region having the greatest DIR contour agreement.
As for the level of improvement via the use of DIR measured by each metric, DSC and MSD followed similar trends, while the HDs encountered challenges with several contours with high variability of ill-defined boundaries. The profound variation in trends seen among the 3 metrics continues to show the importance of inclusion of multiple metrics in order to evaluate conformality of DIR contours, as highlighted in previous studies. 21 Larger structures with more defined boundaries, such as the mandible, tend to have more favorable DSC and MSD values. The higher Hounsfield units of bony structures may also contribute to a more favorable registration. The HD values, owing to the inherent nature of the metric, tend to be skewed by "outliers" of contour boundaries that are more common in larger and less defined organ contours seen in the abdomen. For instance, the liver had the highest HD values among all organs. The array of variations noticed among the metrics calls for guidelines for particular situations requiring each metric's clinical applicability.
In comparison with recent studies, Hvid et al showed DSC values >0.80 for all the OARs of the H&N region when performing CT to CBCT registrations. 22 This is a small improvement from the DSC values seen in our study, with a range of 0.70 to 0.85 for the OARs' DIR-to-physician comparisons.
A recent study by Ramadaan et al validating Varian's Eclipse DIR software for CT to CT registrations showed overall DSC of 0.84 for the H&N region and an improvement of 0.94 when reviewed by the treating RO. 23 Overall mean DSC of the H&N region for our study was 0.77; however, this was with the use of CBCT images, patients showing considerable anatomic change, and different organs of interest. Kumarasiri et al attained DSC values >0.85 for larger organs with clear boundaries in the H&N region, but the smaller organs with poorly defined boundaries had DSC values of 0.5 to 0.6.
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This trend was seen in our study but to a much lesser extent. Larger, well-defined organs across the 3 regions had DSC values of 0.79 to 0.88, while the only organ that had DSC values less than 0.70 was the seminal vesicles (0.48-0.49).
Overall, it appears that our results fall in line with some of the recent published studies. There are some limitations to this study that need to be addressed. First, the study was limited to a sample size of 16 patients. The inclusion of 3 organ regions increases the possible applicability of the study; however, the different organs contoured between regions could hamper adequate comparisons. Second, the decision to have the physicians modify contours from a previous rigid registration could downplay the possible agreement of DIR contours to physician contours, as well as increase the physician-to-physician agreeability. Furthermore, the process of manually adjusting these rigid registered contours by the physicians was not timed. As for the DIR software itself, only 1 program was used during the study due to availability.
Another limitation related to the DIR software is the method registrations were compiled for image sets. There are several possible ways to attain more agreeable registrations, such as using single versus multiple deformations or modifying the region of interest prior to performing the registration. For this study, all registrations were assessed and approved by a medical physicist prior to applying the deformations to the contours. Future endeavors will assess the variations to these many DIR modalities.
A goal of this study was to quantify the improvement of DIR in the context of challenging patient anatomy. All of the patients selected for the study showed considerable changes over the course of treatment. Challenges that were identified, and sought after, included substantial tumor shrinkage in the H&N region, bladder or rectal filling disparities in the prostate region, and bowel and stomach filling in the pancreas region. Additionally, the differing modalities and qualities inherent to CBCT and CT images pose a challenge to CT-CBCT registrations. Given these less-than-ideal situations, DIR still showed improvement from the rigid registrations in a majority of the contours. Although the agreeability of DIR contours to manually drawn contours still appears to be inadequate, with its improved accuracy over rigid registrations and as previous studies have mentioned, the use of DIR in conjunction with manual adjustments could be a critical efficiency-improving method. 17 
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